Purpose The study aim was to describe what kind of operative technique performs best with respect to initial strength after the surgical repair of acute Achilles tendon ruptures. Methods We performed a systematic search of the keywords "Achilles tendon AND (suture strength OR biomechanics) AND (cadaver NOT animal)" in the online databases PubMed, EMBASE, CINAHL, and the Cochrane Library. We included studies that employed open, mini-open, or percutaneous Achilles tendon repair in human cadavers, and assessed some measure of tensile strength as a primary outcome. Results Our search produced 11 relevant papers reporting results for Kessler, Bunnell, and Krackow sutures in open repair, as well as the Achillon device, the Ma-Griffith repair technique, the triple bundle technique and the "giftbox"
Introduction
Approximately six out of 100,000 people, with middle-aged athletes as the most commonly affected, suffer from a rupture of their Achilles tendon per year [1, 2] . This leads to further socioeconomic problems in our present day population as we face increasing sporting demands in the elderly [1] [2] [3] [4] . Every other distance runner suffers from an Achilles tendinopathy, and one in three sports-related injuries affect the Achilles tendon [5] .
The treatment regimen of acute Achilles tendon ruptures has been intensively discussed with respect to conservative versus operative interventions [1, [6] [7] [8] [9] . There is consensus that conservative treatment requires a prolonged episode of immobilization and is characterized by slow healing and a risk of re-tears as late as six months [10] . With respect to the high demands of the elderly and, since conservative treatment is long, arduous, and associated with re-rupture rates as high as 50-80 %, currently, Achilles tendon ruptures are dealt with surgical intervention in the active population [11] . The primary goal of surgical reconstruction and the crucial determinant of surgical success remains the initial strength and optimum length of the Achilles tendon repair.
Over 60 different surgical techniques with various suture combinations have been described so far [12] , but surgeons still lack consensus on what technique and material performs best with respect to different initial pull-out strength.
Whilst limited in vivo data exists, various human cadaver studies have been performed to address this topic, and therefore the objective of this study was to systematically review, collect and compile data for human cadaver trials on the initial strength of Achilles tendon repair and perform a meta-analysis to address two questions: (1) Which kind of operative technique and (2) which kind of suture material and suture-knot combination provides evidence of best performance with respect to initial strength after surgical repair of acute Achilles tendon ruptures?
Methods
We performed a systematic search of the keywords "Achilles tendon AND (suture strength OR biomechanics) AND (cadaver NOT animal)" in the online databases PubMed, EMBASE, CINAHL, and the Cochrane Library repeatedly up to August 1, 2011 according to the PRISMA and QUOROM statement [13, 14] . All publication dates and languages were included.
We included studies that employed open, mini-open, or percutaneous Achilles tendon repair in human cadavers and assessed tensile strength as a primary outcome. Studies in animals, using experimental procedures, or assessing other outcomes than tensile strength were not eligible for inclusion.
All results from the online search were reviewed in duplicate and independently for eligibility. Extracted data from the included studies included sample size, biomechanical outcome and demographic data. For statistical analysis, biomechanical outcomes were synthesized as weighted mean tensile strength. Inverse variance was used as weight and 95 % confidence intervals were calculated for weighted mean tensile strength. Since all included data came from cadaver studies, difference in biological healing response based on age or gender can be ruled out as covariables. However, we included suture types as co-variates and formed subgroups accordingly.
All calculations were performed using intercooled STATA 12 (Stata Corp LP, College Station, TX).
Results
Our search produced 11 papers, published in English and German between 2000 and 2010 [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , that provided data for 23 treatment groups of 196 repairs in total. These studies report results for Kessler, Bunnell, and Krackow sutures in open repair, as well as the Achillon device, the Ma-Griffith repair technique, the triple bundle technique and the "giftbox" technique. These techniques are illustrated in Fig. 1 .
The mean study size was eight + three tendons per group, the mean age of the used cadavers was 65.2 years (range 15-95) with 61 % male and 39 % female. The mean weighted tensile strength of the different techniques ranged from 81 to 453 N (mean 222.7) with the Triple Bundle technique in combination with # 2 Ethibond revealing the highest value. Tables 1 and 2 summarize tensile strengths of seven different techniques using up to five different suture materials each.
Cook et al. [15] presented a cadaveric study in 2010 on the strength of braided polyblend polyethylene sutures versus braided polyester sutures in Achilles tendon repair using a modified Krackow suture technique. Twelve Achilles tendon specimens were mounted to a materials testing machine and loaded to failure in anatomical direction. They found the smaller-caliber 2-0 FiberLoop significantly stronger than #2 Ethibond and concluded that there was no advantage on using traditional larger suture material for Achilles tendon repair.
Cretnik et al. [16] tested 36 cadaveric Achilles tendons using the Ma-Griffith technique and a new modified approach in a testing machine until failure. They found the new modified repair technique almost double the strength in comparison with the Ma-Griffith method and concluded that these results may be clinically relevant in terms of choice of percutaneous methods for Achilles tendon repair.
Gebauer et al. [17] tested the Bunnell and Kessler technique using different suture materials (PDS-thread or PDScord) or an additional plantaris tendon augmentation until failure. They found Bunell's technique to have a stronger primary suture stability compared to Kessler's technique and higher values using a PDC-cord. They concluded that Achilles tendon suture with a PDS-cord according to Bunnell's technique augmented with a plantaris longus tendon adds to an already mechanically strong method.
Herbort et al. [18] also tested the Bunnell and Kessler technique on fresh human cadaveric tendons using cyclic loading. They found no significant differences except at maximum loads but conclude that the typical failure mode of the Bunnell technique shows potential to optimize biomechanical behaviour when using stronger suture materials.
Huffard et al. [19] performed their testing on ten paired cadaveric Achilles tendon specimens using the Krackow technique on one specimen and a repair with the Achillon Suture System on the contralateral specimen with identical suture material. They found significantly higher values for the Achillon suture and concluded that Achillon repair is stronger in a cadaveric biomechanical study than the Krackow repair using identical sutures.
Jaakkola et al. [20] compared the Krakow locking loop technique with the triple bundle technique on eight pairs of fresh frozen cadaveric Achilles tendons. They used a servohydraulic testing machine until failure at a displacement of 2.54/sec. They found significant superiority of 2.8 to 1 in favour of the triple bundle technique for their conclusion.
Labib et al. [21] compared the conventional Krackow locking loop technique with the Giftbox technique where the knots of the suture are tied away from the rupture site on 13 pairs of fresh frozen cadaveric Achilles tendons until failure. They found the Giftbox technique twice as strong as those repaired using the traditional Krackow technique.
Lee et al. [22] transected 18 fresh-frozen cadaveric Achilles tendons and repaired them with a 4-strand Krackow core stitch, performed suture augmentation with three figure-ofeight stitches in six specimens and a running cross-stitch weave in six specimens. They found force to failure, stiffness and gapping resistance increased by suture augmentation and concluded that cross-stich augmentation of Achilles tendon repair yields a stronger and stiffer repair with greater resistance to gapping.
McCoy and Haddad [23] used 24 fresh-frozen human cadaver Achilles tendons to test maximum strength of the double Bunnell, double Kessler, and double Krackow technique using No. 2 polyester (Mersilene, Ethicon, Sommerville, NJ) nonabsorbable sutures in all repairs. They found no statistically significant difference between all three techniques and concluded that in a laboratory setting there actually was no significant difference in strength between the three suture techniques, when each was performed with a double suture weave.
Shepard et al. [24] tested five matched pairs of fresh frozen human Achilles tendons with and without the addition of an epitenon suture to the core repair suture using a No. 2 Ethibond Krakow locking loop core suture and a MTS testing machine (MTS Systems Corp., Eden Prairie, MN), which was loaded to failure in all cases. They found that an addition of epitenon sutures significantly increased the force necessary to produce a 2-mm gap as compared to core sutures alone. Zandenbergen et al. [25] repaired artificially-created ruptures in 24 human cadaveric Achilles tendons using an open Bunnell repair, a percutaneous calcaneal tunnel or a percutaneous bone-anchor repair and tested using a machine until failure. They found suture breakage in non-anchor repairs, and anchor pullout in anchor repairs as common modes of failure, and that the average strength of the repairs varied from 166 N (SD 60) to 211 N (SD 30), with no differences between the techniques (p00.5). They concluded that taking costs into account, the percutaneous calcaneal tunnel technique and the open technique are the methods of choice.
Discussion
The objective of this study was to systematically review, collect and compile data for human cadaver trials on initial strength of Achilles tendon repair and to perform a metaanalysis to assess which knot and suture technique results in the strongest time zero repair. Additionally we wanted to include different types of sutures as covariates into our assessment. In this comparison and description of the strength of different sutures, we focussed on clinically meaningful outcomes, such as actual repair strength, rather than on statistical inference. Thus results are presented as confidence intervals, which reflect the range of potential outcomes, rather than as p-values from t-tests or ANOVA.
One of the most striking findings was that despite the considerable amount of Achilles tendon research, there is only very little specific data on the very basic determinant of repair effectiveness: knot and suture strength. Moreover, there are no systematic comparisons of the major techniques. Therefore, it was not possible to determine which technique performed "best" due to the heterogeneity of testing setups.
However, we found a wide range of weighted tensile strengths of the different techniques and systems from 81 to 453 N (mean 222.7 N) with the Triple Bundle technique in combination with # 2 Ethibond achieving the highest value of 453 N. For direct end-to-end repair we saw the highest tensile strength for the Bunnell technique, and somewhat lower values for Krackow and Kessler techniques, although the latter two produced widely equivalent results. The fairly high sample sizes for these three groups suggest robust data, but we still assessed subgroups by suture type. This subgroup analysis corroborated the earlier shown results, for example, for PDS which produced an almost 50 % stronger repair with Bunnell sutures. Interestingly, there were fewer differences with Mersilene. While we can only speculate on reasons for this difference and cannot deduce a "best suture", our data do offer evidence for an interaction between type of suture and technique in Achilles tendon repair.
Limitations
There are potential shortcomings in our study. First, like any systematic review, our study's validity depends on the quality of the primary studies that were included. For this particular study, the quality of the primary studies was in the mid to low range, but this finding is not unusual for surgical and musculoskeletal research. Another shortcoming is heterogeneity among the primary studies, i.e. mathematical and methodological differences among the primary studies. The methodological differences, such as animal models, or the type and suture technique used were described in the text to allow readers to make their own judgment.
In addition, transection mechanisms of Achilles tendon injuries were performed in the animal models, which do not correspond to the appearance of a typical "horse tail" as it is present in real-life conditions. Therefore, the failure rate of sutures in the experimental setting is expected to be lower than in real life. Concerning the mathematical side of heterogeneity, which jeopardizes the validity the results of a meta-analysis, we used standardized mean differences to combine results. As mentioned above, this method uses mean differences divided by SDs, i.e. all results are given as "how many times SD" the result is away from no effect. This measure is also known as effect size.
Conclusion
Due to the small sample sizes, different study designs and heterogeneity of strength measurement techniques, a definite recommendation on an optimal surgical technique cannot be made. However, the authors present an overview of techniques and suture materials with respect to tensile strength, which might help in the decision-making process for foot and ankle surgeons.
